The codes PARMTEQM and RFQTRAK simulate the beam transport through the radio-frequency-quadrupole (RFQ) accelerator for the low-energy-demonstration accelerator (LEDA). They predict 95% transmission for a matched 110-mA proton beam with a normalized-rms emittance of 0.02 mm mrad. RFQTRAK simulates the effects of arbitrary vane-tip misalignments. This RFQ includes some new features in its design. It consists of four resonantly coupled 2-m-long segments that make up its 8-m length. It has higher vane-gap voltages at the highenergy end than the low-energy end. The entrance end of the RFQ has lower transverse focusing strength to facilitate beam matching. The exit of the RFQ has a transition cell and a radial-matching section. The exit radial-matching section matches the beam into the following accelerator.
INTRODUCTION
LEDA requires 100 mA of beam from the 350-MHz RFQ. The energy needs to be as high as possible for injection into the coupled-cavity drift-tube linac (CCDTL). Therefore, the LEDA RFQ is an 8-m-long RFQ that accelerates the proton beam to 6.7 MeV. A recent experiment with the LEDA RFQ low-power model[ 11 demonstrates resonantly coupling four 2-m-long segments to form an 8-m-long RFQ. The LEDA RFQ will use this configuration.
Conventional RFQ designs with a small entrance aperture require a very strongly focused beam at the entrance aperture for proper matching to the RFQ. In LEDA the final lens in the low-energy-beam transport (LEBT) is far enough from the input of the RFQ to require a large aperture and weak focusing at the beginning of the RFQ. Low vane modulation at the RFQ entrance allows weaker focusing, but still has a large transverse current limit. The combination of a largeaperture radial matching section and weak focusing makes matching the beam into the RFQ easy. As shown in Fig. 1 , the transverse focusing strength smoothly increases in the first 32 cm of the RFQ. At about 130 cm, the vane gap voltage starts ramping up, the aperture starts increasing, and the focusing starts decreasing. The combination of these parameters reduces the beam loss at the end of the gentle buncher, which is the usual choke point where significant beam loss occurs.
The increase in gap voltage increases the accelerating gradient in the high-energy portion of the RFQ and shortens the length. The transverse focusing at the end of the RFQ matches the transverse focusing of the CCDTL, which makes the transition independent of the beam current.
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PROGRAM RFQTRAK
RFQTRAK [2] tracks the particles through the RFQ using time as the independent variable. Particles enter a cell pair with known phase, position, and divergence angle. For each time step, RFQTRAK advances all the particles and calculates the space-charge-potential distribution. Tracking through the cell pair takes 3 RF cycles. The first cycle, which does not include space-charge fields provides the leading pulse. The third cycle provides a trailing pulse for the correct calculation of the spacecharge fields. At start of the second cycle, RFQTRAK initiates the space-charge calculation. The code discards particles whose velocity falls below half the cell's synchronous velocity. Particles from the second cycle that actually exit the cell pair, provide the starting coordinates for all three cycles in the next cell pair.
RFQTRAK constructs a finite-element model of the potential distribution inside an RFQ accelerator cell. The mesh generator includes details of the topology of an RFQ cell. Mesh elements are three-dimensional bricks with 20 nodes. This number of nodes allows a quadratic variation of the potential in each dimension. The program RFQCOEF [3] calculates the first 8 multipole components of the potential in one quadrant of a single cell or optionally in all 4 quadrants of the cell. PARMTEQM [41 uses the same 8 multipole components. The 4-quadrant calculation also includes the dipole and sextupole terms.
RFQTRAK employs another finite-element mesh similar to the one used for the potential distribution to calculate the effects of space charge during the beam dynamics simulation. In this calculation, the image charge effect is naturally included by the boundary conditions. In this paper, the term space-charge effect includes the image charge effect. The finite-element model spans a pair of cells of total length ph, where ph is the distance traveled by a particle of velocity pc in one RF period. Figure 3 shows the phase-space projections at the input of the RFQ and at the output of cell 142. The bold-black points in the input-phase-space projections are particles that were lost before reaching cell 143. At this point in the calculation, the lost particles are the outer most particles injected into the RFQ. The input beam for this simulation came from a simulation of the LEBT beam line [5] . The butterfly shape of the transverse phase-space distributions results from the large variation of the RF phase when the particles reach the cell 142-exit plane. The particles' transverse velocity at the cell exit plane depends on the RF phase. The ellipses in these plots correspond to the rms Twiss parameters of the beam. The area is 4 times the rms emittance. The separatrix, shown in the lower right of Figure 3 , defines the stable region of the phase-energy plane. Figure 4 shows the phase space plots from the RFQTRAK simulation at cell 430, the last regular cell of the RFQ. The butterfly shape visible in the cell-142 transverse phase planes does not appear at cell 430 because the phase spread is small. Compare the RFQTRAK simulation with Figure 5 , which shows the same phase-space plots from the PARMTEQM simulation. Tables 2 and 3 list the rms-beam properties of the two simulations.
The LEDA RFQ has a transition cell and a radial matching section [6] . The exit radial-matching section matches the beam into the following accelerator. PARMTEQM can simulate the transition cell and exit radial matching section, but RFQTRAK cannot. Cell 430 is the last cell where a comparison between the two codes is possible. A modification of RFQTRAK will add this capability in the near future. 
PARMTEQM
PARMTEQM, which uses the z position as the independent variable and a cylindrically symmetric space-charge calculation, cannot handle the type of errors listed in Table 1 . However, PARMTEQM needs less computer resources and runs several times faster than RFQTRAK. For these reasons, we used PARMTEQM to design the LEDA RFQ. We used the PARMTEQM beam distributions to match the beam into the CCDTL. The validity of the PARMTEQM simulations can be accessed by comparing the beam distributions from PARMTEQM to the distributions from the fully 3D simulation performed in RFQTRAK.
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